The accuracy of measurements of transcutaneous oxygen tension (Ptco2) in the diagnosis of peripheral vascular disease (PVD) may be significantly increased by stressing limb circulation with the use of temporary ischemia. The purpose of this study was to compare the transcutaneous oxygen recovery half-time (TORT) and the toe pulse reappearance time (PRT/2) in a series of patients with symptomatic PVD before and after vascular reconstruction. The TORT was defined as the time required to recover half of the decrease in the limb/chest Ptco2 ratio caused by temporary limb ischemia, and is conceptually comparable to the toe PRT/2, the time required to recover half of the control toe pulse amplitude. Measurement of TORT was found to be more feasible (100% vs 58%) and to have a greater diagnostic yield (100% vs 92%) than that of the toe PRT/2. When measured on the dorsum of the foot, TORT values were found to correlate well with the severity of symptoms of PVD;
toe PRT/2 values did not correlate with severity of symptoms. Patients who underwent successful vascular reconstruction had significant improvement in their calf and foot TORT values after surgery (p < .005 and .0005, respectively); postoperative values were similar to those obtained in normal subjects. Toe PRT/2 values usually improved postoperatively, but in many patients postoperative values overlapped with values that were considered abnormal. There was no overlap of TORT values in normal subjects with those in patients with symtomatic PVD. The measurement of TORT may be clinically useful for screening patients with suspected PVD and for assessing quantitatively the results of conservative and surgical therapy. Use of the TORT to diagnose and quantitate PVD may lead to development of more refined selection criteria for angiography and to improved limb salvage as a result of the early discovery of potentially reconstructible vascular disease. Circulation 72, No. 5, 1022-1027, 1985. LOWER EXTREMITY blood flow in a resting subject is usually fairly stable and it does not differ between healthy subjects and patients with peripheral vascular disease (PVD). 11 Stressing limb circulation by temporary ischemia, on the other hand, exaggerates circulatory deficits secondary to stenotic arterial lesions, thereby accentuating differences in blood flow between healthy and diseased limbs. This phenomenon has been quantified by measurement of the toe pulse reappearance time (PRT/2) , as well as by determination of segmental pressure changes during postocclusive reactive hyperemia. Although a valuable method for assessing overall blood flow impairment in patients with PVD, the toe PRT/2 is often impossible to measure because of the absence of a toe pulse, the presence of gangrene, or prior amputation. Furthermore, abnormal values do not accurately quantify tissue perfusion, nor do they localize areas of critical arterial narrowing.
Transcutaneous oxygen tension (Ptco2), which reflects both local blood flow and oxygenation," has been evaluated extensively in the diagnosis and perioperative management of atherosclerotic and traumatic arterial disease.9-15 Although prior studies have attempted to assess limb circulation in patients with PVD by measuring resting limb Ptco2 this technique has only limited diagnostic value, since a stenotic inflow system may still permit a normal resting limb Ptco2. This is because measured Ptco2 values reflect the balance between local oxygen supply and demand, and this balance is frequently normal in the resting limbs of patients with PVD. Many symptomatic patients, par-ticularly those with intermittent claudication, manifest tissue hypoxia only when limb oxygen demand is increased. Diagnostic methods that increase limb oxygen demand include temporary limb ischemia and treadmill exercise testing. However, the latter may cause muscular contractions that hinder local blood flow,'6 thereby obscuring the Ptco2 response. Moreover, treadmill exercise testing may be unsuited for routine clinical screening, particularly in patients with pain at rest, ischemic ulceration, amputation, or cardiopulmonary disease. Stressing limb circulation by temporary ischemia, on the other hand, exaggerates reduced limb perfusion secondary to stenotic arterial lesions without the inherent limitations of treadmill exercise testing. The transcutaneous oxygen recovery half-time (TORT), defined as the time required to recover half of the decrease in the limb/chest Ptco2 ratio caused by 4 min of pneumatic cuff occlusion below the knee, was found to be superior to resting Ptco2 measurements in the diagnosis of PVD.'0, 12 This report describes a prospective study designed to compare the utility of postocclusive TORT and toe PRT/2 measurements in the assessment of limb circulation in patients with PVD.
Materials and methods
Patient selection. Paired measurements of calf and foot TORT were performed on 106 occasions in 90 limbs of 47 subjects. Of these, 36 were consecutive readmissions for operative therapy of symptomatic PVD; the remaining subjects were healthy volunteers who were evaluated to establish the normal range of TORT values. All symptomatic patients had angiographic evidence of high-grade large-vessel PVD; the status of each limb was assessed by the admitting surgeon on the basis of the history and physical examination. Patients ranged in age from 21 to 71 years; their mean age was 55 + 9 (SD) years and 25 were men and 11 were women. Twenty-five of the patients were heavy smokers and 11 had diabetes; four patients had undergone prior vascular reconstruction and presented with failed vascular bypass grafts.
Group 1, the control group, comprised 22 limbs of healthy, normal volunteer subjects. These control subjects had no signs or symptoms of PVD and ranged in age from 20 to 70 years (mean 50 + 17 [SD]). Group 2 comprised 18 asymptomatic limbs of patients with symptomatic PVD in their contralateral extremities. Group 3a included 32 symptomatic limbs of patients who had a clinical diagnosis of intermittent claudication and group 3b included 18 symptomatic limbs of patients who had a clinical diagnosis of pain at rest. Group 4 comprised 16 limbs of patients in groups 3a and 3b who were restudied 1 to 2 weeks after having undergone successful vascular reconstruction. Nine of these patients had undergone aortofemoral bypass, six had femoropopliteal bypass, and one had an axillofemoral bypass. Successful vascular reconstruction was defined as that resulting in significant relief of symptoms and improvement in conventional vascular hemodynamic measurements.
TORT. Transcutaneous oxygen sensors (Kontron, Roche Inc., Everett, MA) were set at 440 C and calibrated to room air. Areas on the anterior chest, medial midcalf, and dorsum of the foot were cleansed with an alcohol pad and the sensors were affixed to the skin with the double-sided adhesive rings and contact gel supplied by the manufacturer. A standard blood pressure cuff with an inflatable bladder 8 cm wide and of sufficient length to encircle the limb was loosely applied below the knee. The distance from the lower border of the cuff to the calf sensor was approximately 3 to 4 inches to allow adequate sensor contact during cuff inflation. Sensors were allowed to equilibrate with the subject in the supine position for 10 min. The pneumatic cuff was then inflated to 50 mm Hg above the systolic arterial pressure for a period of 4 min and then rapidly deflated. This duration of ischemia is identical to that used for measurement of the toe PRT/25 because oxygen stores in skin and muscle become exhausted less than 4 min after circulatory arrest.17 Simultaneous chest, calf, and foot Ptco2 values were recorded (1) during the control period, (2) after 4 min of cuff inflation, and (3) at 30 sec intervals for 5 min after cuff deflation. Because the Ptco2 after transient limb ischemia returns to baseline levels in an exponential fashion and with a large time constant, extrapolation of the data is unnecessary; TORT values are measured to the nearest 30 sec interval. 12 Calibration of the Ptco2 sensors was rechecked at the end of each study. The Ptco2 response to temporary limb ischemia was determined by the TORT.
Toe PRT/2. Measurement of the toe PRT/2 was performed in all symptomatic patients by a conventional method'8 using a mercury-in-rubber gauge (Life Sciences, Inc, Greenwich, CT). The pulse volume response to temporary limb ischemia was determined by the toe PRT/2, defined as the time required to recover half of the control pulse amplitude.5 To reduce bias, measurements of TORT and toe PRT/2 were performed and analyzed by two different researchers, neither of which was aware of the other's test results. Instances in which testing was not feasible were also noted.
Data analysis. The significance of the differences in TORT and toe PRT/2 values in the clinical groups was determined by unpaired Student's t test; the significance of the improvement in TORT and toe PRT/2 values after vascular reconstruction was determined by paired Student's t test. The 95% confidence intervals for values of calf and foot TORT in healthy volunteers were determined to establish normal ranges. Results are reported as mean + SD.
Results
Normal subjects. The resting limb Ptco2 values and limb/chest Ptco2 ratios in subjects in group 1 varied considerably (table 1; figure 1 ). However, TORT values were remarkably similar in all normal subjects.
The coefficient of variation for calf and foot TORT values in normal subjects was less between limbs of the same subject than between limbs of different subjects. Coefficients of variation for calf and foot TORT values in group 1 subjects were 0.37 and 0.27, respectively. The mean calf and foot TORT values were 0.8 ± 0.3 and 1.1 ± 0.3 min, respectively; only one limb had a TORT value greater than two standard deviations above the mean at either calf or foot location. Based on these data, calf TORT values greater than 1.4 and foot TORT values greater than 1.7 min were considered pathologic, since they were outside the 95% confidence level for normal subjects.
Patients with PVD. Group 2 patients frequently had TORT values that were minimally or moderately prolonged in their asymptomatic limbs, suggesting poor circulatory reserve in these limbs. The mean calf and foot TORT values in patients in group 2 were 1.4 + 0.4 and 1.6 + 0.6 min, respectively. In group 3a patients, both calf and foot TORT values were significantly longer in duration than those in normal subjects (p < .001). The mean calf and foot TORT values in patients with claudication (group 3a) were 2.1 + 0.7 and 2.6 ± 1.0 min, respectively. All symptomatic limbs had a prolonged TORT value in either the calf or foot. An abnormal TORT value in conjunction with a normal TORT value at another site was occasionally found, suggesting variable segmental limb perfusion due to unevenly distributed disease and collateral circulation.
In patients with pain at rest, both calf and foot TORT values were also significantly longer in duration than those in normal subjects (p < .001). The mean calf and foot TORT values in patients in group 3b were 2. 1 1. 1 and 3.4 + 1.3 min, respectively. Although the diagnosis of symptomatic PVD was frequently obvious in these limbs, measurement of TORT was still a useful way to determine the adequacy of collateral blood flow to the foot. For example, in the three group 3b patients with prolonged calf TORT values but normal foot TORT values, angiograms revealed proximal occlusive disease with good collateral circulation to the foot. 1024 By use of the strict diagnostic criteria of Fronek et al.5 and Bernstein and Fronek,18 toe PRT/2 values greater than 6 sec were considered pathologic. In our series, two patients had unequivocally normal toe PRT/2 values and six had minimally prolonged toe PRT/2 values in their symptomatic limbs, despite angiographic evidence of high-grade large-vessel PVD. All eight of these patients had abnormal TORT values in either the calf or foot.
Vascular reconstruction. Patients that underwent vascular reconstruction had significant improvement in their calf and foot TORT values postoperatively (p < .005 and p < .0005, respectively) (table 2; figure 2). In three of 16 limbs, the foot TORT significantly improved postoperatively, while there was no change in measured calf TORT values; this may be attributed to the topography of the bypassing vessel or prosthesis and to variations in segmental limb perfusion. The postoperative decrease in foot TORT values in these limbs, however, still indicated an improvement in overall limb perfusion after reconstructive surgery. Mean calf and foot TORT values in limbs that underwent vascular reconstruction (group 4) were 1.2 ± 0.4 and 1.2 + 0.5 min, respectively.
Toe PRT/2 values usually improved postoperatively after vascular reconstruction; however, this improvement was not statistically significant in our series (table 2) had significantly poorer values than those in asymptomatic limbs of patients in group 2. Foot TORT values in asymptomatic limbs of group 2 patients were significantly poorer than those obtained in normal subjects. There was no significant difference between foot TORT values in limbs of patients that underwent successful vascular reconstruction and values in limbs of normal subjects. In limbs with measurable toe pulses, toe PRT/2 values did not correlate with the severity of symptoms of PVD since values in patients with intermittent claudication tended to be poorer than those in patients with pain at rest ( figure 4 ). More important, toe pulses were unobtainable overall in 42% of limbs tested. Absent toe pulses did not necessarily indicate symptomatic PVD since the toe pulse was absent in nine asymptomatic limbs, two of which had undergone successful vascular reconstruction. Foot TORT values obtained in limbs with undetectable toe pulses, on the other hand, correlated well with the severity of symptoms of PVD.
Foot ulcers. In our series, 12 patients presented with nonhealing foot ulcers. There was no significant difference in resting Ptco2 values, limb/chest Ptco2 ratios, or TORT values in symptomatic patients with and without foot ulcers. Of these 12 patients, eight had diabetes and two had severe venous disease. Although diabetics represented only 22% of patients with pain at rest, 67% of patients with foot ulcers had diabetes. This is in agreement with the clinically recognized finding that diabetic patients are far more prone to develop nonhealing foot ulcers, perhaps due to neuropathic loss of sensation and decreased resistance to infection.
Of the 12 patients with foot ulcers, toe pulses were measurable in only seven (58%). In the remaining patients, toe PRT/2 values were not significantly different from those in symptomatic patients without foot ulcers.
Angiography. All patients with symptomatic PVD underwent monoplane angiographic examination of their lower extremities via the groin or axillary approach. Patients with intermittent claudication or pain at rest uniformly had angiographically defined highgrade large-vessel PVD in their symptomatic limbs. Asymptomatic limbs showed variable findings, including frequent large-vessel complete arterial obstructions.
Discussion
A simple method for the noninvasive assessment of limb circulation in patients with PVD based on the measurement of the TORT after temporary limb ische-1026 mia was compared with conventionally employed measurements of toe PRT/2. The measurement of TORT, defined as the time required to recover half of the decrease in the limb/chest Ptco2 ratio caused by temporary limb ischemia, was found to be more feasible (100% vs 58%) and to have a higher correlation with symptoms and diagnostic yield (100% vs 92%) than the toe PRT/2. In addition, measurements of the PRT/2 and TORT may be obtained simultaneously. reducing the need for additional monitoring personnel or time. Previously, the use of TORT measurements were found to be superior to resting Ptco2 values and limb/chest Ptco, ratios in the diagnosis of disease and quantification of limb perfusion in patients with PVD. l0o 12 A major inclusion criteria for patients in the present study was readmission to the hospital for scheduled vascular reconstruction; the necessary baseline measurements from normal limbs was provided by healthy volunteers of similar age who were used in initial standardization studies. This criterion modifies the distribution of vascular pathology represented in this study and excludes most patients with severe end-stage PVD not amenable to surgical therapy, whose PVD is easiest to diagnose with resting Ptco2 measurements. This is indicated by the large percentage of symptomatic limbs of patients with intermittent claudication (64%) vs those with pain at rest (36%).
In the present series, toe pulses were unobtainable in 12 of 32 (37%) of symptomatic limbs in patients with intermittent claudication. Furthermore, toe pulses were absent in 42% of all limbs tested, including nine asymptomatic limbs, two of which had undergone successful vascular reconstruction. This severely limits the application of toe PRT/2 measurements in the diagnosis of PVD. The reduction in local pulse pressure often seen in limbs of patients with PVD may make detection of toe pulses difficult, if not impossible. In addition, toe pulse pressure may give little indication of the circulatory state of the limb, since collateral pathways may permit a normal resting blood flow despite diminished local pulse pressure.'
Even if toe pulses are present, it is still desirable to have an objective quantitative measurement that correlates with the patient's degree of disability to evaluate the results of conservative and surgical therapy. The foot TORT was found to correlate well with severity of symptoms (table 3) . Moreover, the TORT may have prognostic value, since it has been reported that patients with limb pain at rest usually have a poorer surgical outcome than those with intermittent claudication after vascular reconstruction. 1922 has previously been shown to be of value in predicting the outcome of aortofemoral bypass surgery. 23 Use of the TORT as an index of limb perfusion represents a significant advance in the noninvasive assessment of limb circulation with the use of Ptco2 sensors. The TORT has been shown to be more sensitive and specific than resting Ptco2 values and limb/ chest Ptco2 ratios in the diagnosis and quantification of limb circulation in patients with PVD. 12 Data from the present study indicate that TORT measurements also offer certain advantages over conventional noninvasive toe PRT/2 measurements. Use of the TORT in addition to conventional noninvasive vascular diagnostic techniques may lead to refined selection criteria for angiography and improved limb salvage as a result of the early discovery of potentially reconstructable disease.
